Nucleation and dynamics of dislocations in mismatched heterostructures by Patriarca, Marco et al.
ar
X
iv
:1
80
4.
07
10
5v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 19
 A
pr
 20
18
Nucleation and dynamics of dislocations
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Abstract. In this paper we have investigated, through computer simulations,
dislocation nucleation and dislocation dynamics in a heterostructure system with
the lattice-mismatch interface, i.e. a system with internal strain. In particular, we
have studied the dependence of the nucleation thresholds on the basic parameters of
the crystals, such as the amount of mismatch and the system temperature. These
studies have been carried out by using the simulation code with a graphical user
interface developed at our laboratory. This on-line simulation system produces a real
time interactive visualization of the 3-D Molecular Dynamics model. Furthermore,
it detects the presence of dislocations and tracks them by an algorithm based on
potential energy mapping.
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2I. INTRODUCTION
Recent studies of nucleation of dislocations and dislocation dynamics in lattice-
mismatched heterostructures have resulted in a lot of interest due to the technolog-
ical importance and applications of such structures [1, 2]. In our previous studies
we have investigated the interaction between dislocations and a misfit interface
in a two-dimensional Lennard-Jones system [3, 4]. In these studies we observed
reactions between dislocations occurring by creation of partial dislocations and a
stacking fault. These reactions enabled the dislocations to migrate to the interface
and relieve misfit stress.
Our previous studies of dislocation nucleation in a two-dimensional lattice-
mismatched system [5] indicate that nucleation is clearly a thermally activated
process and that it is asymmetric with respect to the sign of the mismatch. The
present work is an extension of these two-dimensional studies to three-dimensional
lattice-mismatched structures. We present some numerical results concerning the
study of dislocation nucleation at the mismatch interface between two different
materials, only subject to the internal strain arising from the mismatch.
Figure 1. Visualization of the dot-sample considered in this paper with the Graphical User
Interface of the code Boundary3D, in which different types and scales of visualization of
the atoms can be chosen in real time while the simulation run is executed. Here colors in
the main window represent mean potential energies of single atoms, while the lower plot
shows the corresponding histogram in potential energy and the energy-color correspondence.
Different colors can be approximately put into correspondence with the atoms in different
parts of the sample: bulk - blue, surface - green, edges - yellow, corners - red.
3II. MODEL
Our idealized model of a system with misfit interface consists of two fcc crystals
with different lattice constants, joined together. The interface is in the (001) plane.
Here we concentrate on the representative example of a quantum dot geometry.
The initial conditions were prepared as an assembly of two different types of atoms
located on a regular fcc lattice with a unique lattice constant. The sample size
is 80 × 30 × 30 lattice constants. The atoms of type 1 (2 ) were located in the
upper dot (lower substrate) of the sample. We limited ourselves to systems without
periodic boundary conditions. This choice was made in order to avoid the presence of
unphysical interactions and constraints, which could strongly influence the behavior
of the system, because of the introduction of the following two artificial length scales:
– The first length scale is the fixed lattice constant. The actual lattice constant in
general depends on the thermal status of the system and should not be imposed
by assigning a certain system size and periodic boundary conditions. If periodic
boundary conditions are necessary, the lattice constant could be suitably determined
e.g. by a constant pressure molecular dynamics algorithm. A dynamics modified
by such constraints on a time scale comparable or larger than that of dislocation
dynamics may strongly affect the phenomena under study.
– The other artificial length scale is the linear size L of the system along the periodic
dimension, which represents a constraint on the density of dislocations, unless the
number of dislocations present in a region of size L is much larger than one, which
in turn requires the model system to have a very large number of atoms.
As for the system size, there is both an upper and a lower limit. On the one
hand, this study is based on classical molecular dynamics simulations, for which the
system size is a practical issue, because of the computing time. Here we have limited
ourselves to sample sizes up to 2× 105 atoms. On the other hand, there is a lower
size limit at which dislocation nucleation can take place: if the system is too small,
the strain is not sufficient to induce the nucleation of a dislocation. For instance,
one of the linear system sizes must be at least of the order of 100 lattice constants,
for a 5% lattice misfit, in order for at least one dislocation to appear.
Since our MD simulations are exploratory in nature, we will use simple pairwise
Lennard-Jones potentials for simulating the materials, i.e., a potential VLJ(x;σ1, ǫ1)
and a potential VLJ(x;σ2, ǫ2) for the interaction between atoms of the same type,
1 or 2, respectively. For simplicity, we set the well depth equal in both materials,
ǫ1 = ǫ2, while the length parameters are different, σ1 6= σ2. The misfit is expressed
in terms of the two different lattice constants a1 and a2 as m = (a1 − a2)/a2. The
potential was cut-off at about two lattice constants, so that every atom of the system
interacts with the first two shells of nearest neighbors. The interaction between two
atoms of different types 1 and 2 (i.e. across the misfit interface) is described with
a potential of the same Lennard-Jones form, with parameters ǫ and σ determined
4through a standard interpolation procedure, see Ref. [3] for details.
Figure 2. Selected visualization of a simple cubic structure of Lennard-Jones atoms,
obtained by filtering atoms according to their mean potential energy. The potential energy
window selected here corresponds to the edges of the cubic structure. A video showing
the selected visualization corresponding to a moving potential energy window scanning the
energy range from the lowest energies (bulk) to the highest energies (corners) can be seen
at https://youtu.be/GMjkL8Yi-rE
In dislocation nucleation and dynamics, the temperature T of the system plays
an important role. We evaluate it as usually from the average kinetic energy. In
order to have a feeling of the realistic values of the temperature range involved, we
have assigned values to the potential parameters of the interatomic potential of the
substrate material corresponding to copper.
Another important issue of our MD simulations is the choice of thermostat. We
have found that the use of a Langevin or a Nose-Hoover type thermostat, for keeping
the system at a constant temperature, may strongly influence the dynamics of the
system, even to the point of eventually preventing any dislocation nucleations. For
this reason the use of a (Langevin) thermostat has been limited to the very initial
phase of the simulation. This was done in order to prevent the excessive heating
of the sample, which would be caused by an initial configuration with all atoms
forced on the same lattice. The temperature of the sample may undergo some
variations during the simulation run, but then relaxes, on a time scale of the order
of 1 nanosecond, toward a temperature which is assumed to represent the final
equilibrium temperature of the system. All the numerical simulation runs were
carried out, for most of the time steps, by using standard unconstrained molecular
5dynamics.
III. SIMULATION TOOLS
The numerical studies have been carried out by using our newly developed graphi-
cal user interface simulation code “Boundary3D”. This code is based on a 2D version,
also developed by some us [6], already used to study the dynamics of dislocations
in 2D samples [35]. This on-line simulation system allows a real time interactive
visualization of a Molecular Dynamics model for crystalline systems. It also allows
the user to vary the type of visualization as well as the main parameters of the
system, see Fig. 1. The graphical user interface is particularly important because
of its ability to visualize dislocation dynamics in real time and to track their move-
ment through the system. It turned out that the tracking is realizable through a
mapping, which is based on a suitable microscopic quantity, such as the effective
single particle potential energy.
Figure 3. (a)-(b): Left and right view of a sample with dot geometry at T = 200 K and
misfit m = 5%. (c) Same Sample at temperature T = 240. The color of the atoms is coded
according to potential energy (different color scales are used for a better visualization). The
lines visible on the sides of the dot are the steps associated to the stacking faults and are
characterized by a higher potential energy.
In order to illustrate the physical principle of how the tracking procedure works,
it is worth considering Fig. 1, in which the aspect of the main interface of the code
is shown. In the upper graphical box a sample with a quantum dot geometry is
drawn, and atoms are colored according to their effective potential energies. The
mapping between color and potential energy is represented in the lower graphical
box, together with the potential energy distribution. It can be seen that the potential
energy histogram consists of four peaks, which can be clearly distinguished from each
other and visualized with different colors. From left to right these peaks correspond
to responses from the bulk, surface, border, and corner atoms, respectively. On the
other hand, it should noted that in a perfect (infinite) crystal there would appear
only a single peak, corresponding to the bulk atoms. Thus, these boundaries, i.e.
6surfaces, borders, and corners, represent particular types of crystal defects with
different values of the atomic average potential energies of the system.
Using the same criterion, one can also scan the system under study in potential
energy to reveal selectively atoms corresponding to one of the peaks, as shown in
Fig. 2 in the case of a cubic sample of Lennard-Jones atoms for the sake of clarity
— see also the associated video at https://youtu.be/GMjkL8Yi-rE
These simple considerations can be generalized in order to visualize quite arbi-
trary types of crystal defects, such as dislocations or point defects.
IV. RESULTS
The results presented below are based on a set of simulations, carried out for
about 2 × 104 time steps, corresponding to 20 ps for standard values of the other
parameters. For a given amount of mismatch and size of the sample, we have found
that there are three regions, in the temperature scale, in which the sample shows
a different behavior. In the low temperature region, i.e. T < 200 K and a 5 %
misfit, no dislocation nucleation was observed. Eventually, only the deformation
due to the misfit stress was visible. Sometimes, it was also possible to observe the
initial phase of a unstable dislocation nucleation, followed by its reabsorption. On
the other hand, in the intermediate temperature region, i.e. 200 K < T < 300 K,
and a 5% misfit, the nucleation of one or more dislocations is clearly visible and the
dislocations remain stable with time.
Figure 4. Slabs taken at different depths of the sample of Fig. 3-(a), showing how the (111)
partial dislocation cuts through the sample.
We have observed the formation of partial dislocations, which cut the dot along
the inclined (111) planes. Figs. 3-(a) and 3-(b) show a single dislocation nucleated in
a sample with 5 % misfit and T = 200 K. With increasing temperature, the number
of dislocations increases, but not more than 2-3 stable dislocations were observed,
probably because of the small size of the sample. In the snapshot in Fig. 3-(c),
obtained at temperature T = 240 K, one can distinguish three partial dislocations
instead of only one.
We have also studied the structure of the dislocation in the inner bulk, by taking
a cross section of the the sample. In Fig. 4 we present a successive sequence of cross
7sections taken from the sample of Fig. 3-(a) in the (010) plane. If the temperature
is further increased, i.e. at T > 300 K, with a 5 % misfit, besides the usual - stable
dislocations one can also observe some other short-lived (unstable) dislocations,
which through nucleation appear and disappear in the crystal structure on a time
scale of few time steps, as in the snapshot in Fig. 5 (see also the related video at
https://youtu.be/vmeBHDKzEeY)
Figure 5. A sample with 5 % misfit at T = 300 K. Defects on the dot sides
in different colors are due to short-lived dislocations. See also the related video at
https://youtu.be/vmeBHDKzEeY
It should be mentioned that these temperature thresholds for dislocation nucle-
ation depend on the amount of misfit. In addition, our simulations indicate that
the temperature threshold decreases when the amount of misfit is increased.
V. CONCLUSIONS
In this study we have investigated dislocation nucleation in heterostructures with
a lattice-mismatch by using a simulation code with a graphical user interface. De-
spite the fact that the nucleation of a dislocation is a statistical event, our prelim-
inary simulation results indicate a definite relation between misfit and the critical
temperature at which dislocations begin to appear. Further studies are under way
in order to determine such a relation more precisely.
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